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Abstract
Glutaredoxin belongs to the oxidoreductase family with cytosolic glutaredoxin 1 (Grx1) and
mitochondrial gluraredoxin 2 (Grx2) isoforms. Of the two isozymes, the function of Grx2 is not
well understood. This paper studied the effect of Grx2 deletion on cellular function using primary
lens epithelial cell cultures isolated from Grx2 gene knockout (KO) and wild type (WT) mice. We
found that both cell types showed similar growth patterns and morphology, and comparable
mitochondrial glutathione pool and complex I activity. Cells with deleted Grx2 did not show
affected Grx1 or thioredoxin (Trx) expression but exhibited high sensitivity to oxidative stress.
Under treatment of H2O2, the KO cells showed less viability, higher membrane leakage, enhanced
ATP loss and complex I inactivation, and weakened ability to detoxify H2O2 in comparison with
that of the WT cells. The KO cells had higher glutathionylation in the mitochondrial proteins,
particularly the 75-kDa subunit of complex I. Recombinant Grx2 deglutathionylated complex I,
and restored most of its activity. We conclude that Grx2 has a function to protect cells against
H2O2-induced injury via its peroxidase and dethiolase activities; particularly, Grx2 prevents
complex I inactivation and preserves mitochondrial function.
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INTRODUCTION
Oxidative stress is considered as one of the most important risk factors for many diseases in
humans, including cancer [1], Alzheimer’s disease, Parkinson’s disease [2], macular
degeneration [3] and cataract [4]. Often the oxidative damage resulting from external or
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internal oxidants such as superoxide, hydrogen peroxide and hydroxyl radicals is found in
proteins, lipids and nucleic acids. In proteins, thiol groups are most reactive and easily
oxidized to affect enzyme activity or cellular function. Mammalian cells have a battery of
oxidation defense systems, including small molecules such as glutathione (GSH) and
vitamin E that neutralize the oxidants, and enzymes specialized in oxidant detoxification,
such as glutathione peroxidase, glutathione S-transferase and superoxide dismutase.
Furthermore, there are oxidation damage repair systems present in almost all mammalian
cells, including the glutaredoxin (Grx) and thioredoxin (Trx) systems. Both Grx and Trx
belong to the large oxidoreductase family. The former is GSH-dependent and is specialized
in dethiolating glutathionylated proteins (or protein-thiol mixed disulfide, PSSG) while the
latter is NADPH-dependent and dethiolates protein-protein disulfide (PSSP).
Grx has two isoforms, the cytosolic Grx1 (also known as thioltransferase) and the
mitochondrial Grx2 [5, 6]. Grx1 has been studied extensively and a number of key proteins/
enzymes, including glyceraldehyde 3-phosphate dehydrogenase [7], protein tyrosine
phosphatase 1B [8], HIV protease [9], P65 [10] and caspase-3 [11] have been identified as
substrates for Grx1 dethiolase. The recently identified Grx2 also has a vicinyl cysteine
(CSYC) at its active site, similar to other oxidoreductases, but less is known about its target
proteins. Compared with Grx1, Grx2 has a higher affinity with glutathionylated proteins and
is less likely to be inactivated by oxidation [5]. Recently Lillig et al. [12] have characterized
Grx2 as an iron–sulfur containing protein, the first of such kind in the oxidoreductase
family, and the Fe-S cluster bridges two Grx2 molecules through their two cysteine residues
at the N-terminal end to form a stable and inactive dimer under GSH-rich environment.
However, in the presence of oxidative stress or high GSSG environment, the dimer
dissociates from the Fe-Cu cluster to form an active monomer. Therefore this iron-sulfur
cluster can be considered as a redox sensor for Grx 2 [12]. Furthermore, our previous data
also showed that Grx2 has GSH-dependent and thioredoxin reductase-dependent peroxidase
activities [13], and that Grx2 can protect cells from oxidative stress-induced apoptosis by
preserving the activity of complex I [14]. A recent study in another laboratory also reported
that Grx2 can reduce selenium compounds like selenite and selenodiglutathione [15].
The eye lens is very sensitive to oxidative stress, and the combination of redox imbalance
and protein modification can easily cause structural crystallin proteins to aggregate and
deflect light, resulting in loss of transparency, known as cataract. Thus, the lens is a very
good model to study oxidation and oxidation-induced protein damage and repair. In view of
the importance of Grx in protecting lens proteins/enzymes from oxidative damage, we
examined Grx2 function in the lens using primary cell cultures developed from Grx2
knockout (KO) and wild type (WT) mice. We found that although deletion of the Grx2 gene
showed no phenotypical changes in the cells, the cells showed a low tolerance to oxidative
stress. The KO cells exhibited a weak ability to detoxify oxidants when exposed to H2O2,
which resulted in an accelerated loss of viability and membrane integrity, and shrinking pool
size for ATP and GSH. Furthermore, the mitochondrial complex I in KO cells was heavily
modified by glutathionylation and its activity was suppressed extensively. However an
infusion of recombinant Grx2 into the KO cells was able to correct all these changes,
suggesting that Grx2 may be an essential protector for the function of mitochondria.
MATERIALS AND METHODS
Materials
DMEM medium, fetal bovine serum (FBS), gentamicin, penicillin and 0.05% trypsin were
all purchased from Gibco (Carlsbad, CA, USA). Hydrogen peroxide and all other chemicals
were obtained from Sigma Chemical Company (St Louis, MO, USA) unless otherwise
stated. Antibodies against αA-crystallin, GAPDH, complex I 75-kDa subunit (NDUFS1) and
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complex I 30-kDa subunit (NDUFS3) were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). A complex I immunocapture kit, complex II immunocapture
antibody and Complex II 30 kDa subunit (HDSB) monoclonal antibody were purchased
from Mitosciences (Eugene, OR, USA). Anti-Glutathione monoclonal antibody (anti-PSSG
antibody) was purchased from Virogen (Watertown, MA, USA). The recombinant protein
A/G agarose beads were purchased from Exalpha Biological Inc. (Shirley, MA, USA).
Glutathione ethyl ester was purchased from Sigma (St Louis, MO, USA). Sulfo-NHS-biotin
and streptavidin-agrose beads were purchased from Thermo Fisher scientific (Fair Lawn,
NJ, USA). 10% lauryl maltoside was obtained from Mitoscience (Eugene, OR, USA)
Purification of recombinant Grx2 and its mutants, and antibodies for Grx2
Mouse Grx2 was expressed in Escherichia coli and protein expression was induced with 0.4
mM isopropyl-1-thio-β-D-galactopyranoside in 200 ml of Lysogeny broth (LB) culture
media. Cells were harvested by centrifugation at 10,000 g for 10 min and re-suspended in 5
ml of ice-cold protein extraction reagent (Novagen, Gibbstown, NJ, USA) containing 125
units of endonuclease. Cell debris was removed by centrifugation at 16,000 g for 20 min at
4°C. Grx2 protein was isolated by using a His-tagged protein purification kit (Novagen,
Gibbstown, NJ, USA), following the manufacturer’s instructions.
Grx2 antibody was prepared as described previously [10]. Briefly, recombinant mouse Grx2
protein was purified and used to immunize a rabbit. The first booster injection was given 4
weeks later, followed by three more booster injections. Antiserum was collected at 2 weeks.
The IgG fraction was then isolated using a protein A Sepharose column (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA).
Generation of Grx2 Knockout Mice
A Grx2 global knockout mouse model was established in S-Y Ho’s laboratory, and details of
the derivation will be described elsewhere. Briefly, exon 2 was deleted in the mutated Grx2
gene. The expressed Grx2 mRNA found in homozygous knockout mice is likely derived
from fusion of exons 1, 3, and 4. This assumption was confirmed by sequencing DNA
derived from RT-PCR of mutant Grx2 mRNA isolated from the heart of a homozygous
knockout mouse. As a consequence, translation of protein from this mRNA would stop at
exon 3, as the codons of exon 3 are not in-frame with those of exon 1. The resulting protein
would contain only the mitochondrial translocation signal, which is encoded by exon 1,
followed by 8 amino acids translated from the out-of-frame exon 3. This aberrant
polypeptide is probably very labile and therefore less capable of preventing mRNA from
degradation in cells, leading to a lower level of mutant Grx2 mRNA in tissues of
homozygous knockout mice compared to that of wild type mice. Indeed, protein blot study
showed an approximately 50% decrease of Grx2 protein in tissues of heterozygous knockout
mice compared to those of wild type mice, and no Grx2 protein in the same tissues of
homozygous knockout mice (Ho, unpublished results).
Primary mouse lens epithelial cell (LEC) cultures
Primary LEC cultures were established from four 2-week old WT or Grx2 KO mice in
129SV × C57BL/6 mixed backgrounds. Mouse lens capsules with attached epithelial layers
were cut into small pieces and treated with 0.05% trypsin at 37°C for 10 mins. The cells
loosened from the capsule were placed into a 24-well plate containing 1 ml DMEM with
20% FBS and 50 μg/mL gentamicin per well. The cultures were incubated for 1 week in a
humid atmosphere with 5% CO2 at 37°C. Medium was changed every 3 days. After the
primary cultures achieved confluence, the cells were subcultured by using 0.05% trypsin.
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Mitochondria isolation
Mitochondrial fractions was isolated according to Christian et al. [16]. Briefly, mouse LECs
were trypsinized and centrifuged. The cell pellets were suspended in 3 ml ice-cold
mitochondria isolation buffer containing 0.2 M sucrose, 10 mM MOPS, 10 mM EGTA and
10 mM Tris-HCl (pH 7.4) and homogenized using a glass homogenizer, and followed by
centrifugation at 600 g for 10 min. The supernatant was saved and centrifuged at 7,000 g for
10 min. Pellets were collected and washed with 200 μl of isolation buffer followed by
centrifugation at 7,000 g for another 10 min. The final fraction enriched in mitochondria was
re-suspended in isolation buffer and immediately used for measurement of Grx2 and
complex I activities.
For isolating liver mitochondria, the liver was quickly removed from euthanized mouse,
rinsed 3 times using ice-cold mitochondria isolation buffer (same buffer as above), minced
into small pieces and homogenized with a glass-to-glass homogenizer. The homogenate was
processed to extract mitochondria with successive centrifugation as described above. The
large quantity of hepatic mitochondria was used for immunocapture studies for complex I,
and complex II.
Western blot analysis
Equal amounts of protein were subjected to SDS-PAGE on a 12% polyacrylamide gel and
transferred to a polyvinylidene difluoride (PVDF) membrane (GE Healthcare, Boulder, CO,
USA). Detection was done using the ECL Western blotting detection system (Thermo
Scientific, Rockford, IL, USA). The immunoblot was analyzed with an imaging system
(Versadoc 5000 MP Imaging System, Bio-Rad, Richmond, CA).
Grx2 activity assays
Grx2 activity was assayed according to a previously described method [5]. Briefly, the
reaction mixture contained 0.2 mM NADPH, 0.5 mM GSH, 0.1 M potassium phosphate
buffer (pH 7.4), 0.4 units of GSSG reductase and an aliquot of mitochondrial fraction in a
total volume of 1 ml. The reaction was carried out at 30 °C following a 5-min pre-incubation
with 2 mM hydroxyethyldisulfide (HEDS). The decrease in absorbance of NADPH at 340
nm was monitored for 3 min using a Beckman DU 640 Spectrophotometer (Beckman,
Fullerton, CA). To determine the Grx2 activity, the slope of the linear portion of the time
course for 340-nm absorption loss in a control (Grx2-free) sample was subtracted from the
slope of the samples containing Grx2.
Cytotoxicity assays
Cell viability was measured by a colorimetric cell viability kit (PromoKine, Heidelberg,
Germany). The kit uses tetrazolium salts WST-8 that are reduced to water-soluble, orange
formazan dye by dehydrogenases present in the metabolically active cells. Absorbance of
the formazan dye is proportional to the number of viable cells. LECs were deprived of
serum gradually by first culturing overnight in DMEM with 2% FBS followed by incubating
in serum-free medium for 30 min. Then LECs were then treated with 100 μM of H2O2 for
the indicated times. After treatment, the cells were incubated with 10 μl WST-8 solution at
37°C for another 1 hr. Transmission at 450 nm was evaluated using a 96-well microplate
reader (Bio-Rad, Richmond, CA).
Lactate dehydrogenase (LDH) release assay
LDH activity was measured by using a cytotoxicity detection kit (Roche, Mannheim,
Germany). The integrity of the cell membrane was measured by comparing level of LDH
release into the medium with total LDH level. Total activity was defined as the maximum
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releasable LDH activity in the entire cell lysate. Wild type and Grx2 KO mouse LECs were
gradually serum starved before exposure to a bolus of 100 μM H2O2 for 0-6 hrs. Cell lysates
were centrifuged and supernatants were analyzed for LDH activity.
Caspase 3/7 assay
A caspase-Glo assay kit (Promega, Madison, USA) was used to detect caspase 3/7 activity.
Cells (104) were plated onto a 96-well microplate. After H2O2 treatment, the cells were
mixed with 100 μl caspase-Glo reagent, followed by incubation at room temperature for 30
mins. Luminescence was then measured by a microplate reader (BMG labtech).
DCF fluorescence in H2O2-treated wild type and Grx2 knockout mice
Lens epithelial cells from WT and Grx2 KO mice were washed with Ca2+- and Mg2+-free
phosphate-buffered saline (PBS; Sigma-Aldrich, St. Louis, MO), and incubated with PBS
containing 50 μM DCFH-DA. After 5 min the cells were again washed twice with PBS
before determination of the basal DCF fluorescence level. After a baseline was acquired, 50
μM H2O2 was added to all cell groups and DCF fluorescence levels were determined at
given time points. The intensity of fluorescence was detected with a Floustar Optma
microplate reader (BMG Labtech, Offenburg, Germany).
GSH and ATP determinations
For GSH measurement, an aliquot of fresh cell lysate was treated with an equal volume of
20% trichloroacetic acid followed by centrifugation. The supernatant was used immediately
for GSH analysis using DTNB reagent [17], following the method of Lou et al. [18].
ATP level was measured by an ATP bioluminescence assay kit CLS II (Roche, Mannheim,
Germany) according to the manufacturer’s recommendation. Briefly, cells were diluted with
PBS to 108 cells/ml cell suspensions, into which 9 volumes of boiling solution containing
100 mM Tris and 4 mM EDTA were added and incubated for 2 minutes at 100°C. The cell
suspension was centrifuged at 1,000 g for 1 min, and 50 μl of the sample was mixed with 50
μl luciferase reagent by automated injection. The luminescence intensity was detected by a
Floustar Optma microplate reader (BMG labtech, Offenburg, Germany, integrating for 1 to
10 seconds.
Protein glutathionylation detection
Purified WT mouse Grx2 and Grx2-C70S/C73S double mutant (20 μM) were loaded into
LECs from Grx2 KO mice by using protein transfection reagent as previously described
[10]. The cells were then treated with or without 1 mM H2O2 for 30 min and lysed with
RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% NP40, 0.25% Na-deoxycholate and
protease inhibitor cocktail). Mitochondrial fractions were isolated by using the method
described above. Equal amounts of protein (40 μg) in each group were loaded onto an SDS-
PAGE gel under non-reducing conditions and probed with an anti-PSSG antibody.
Complex I activity assays
The enzymatic activity of complex I was assayed using the sensitive spectrophotometric
method developed recently [19]. In brief, 50 μg of mitochondrial proteins isolated from
mouse LEC was mixed with 960 μl reaction mixture containing 20 mM KH2PO4, 3.5 mg/ml
BSA, 60 μM 2,6-dichloroindophenol (DCIP), 70 μM decylubiquinone (prepared in dimethyl
sulfoxide, DMSO), and 1 μM antimycin-A at 30°C. After 3 min, 20μl of 10 mM NADH was
added and the absorbance was measured at 30 sec intervals for 4 min at 37°C. After that, 1.0
μl rotenone (1 mM, in DMSO) was immediately added and the absorbance was measured
again at 30 sec intervals for additional 4 min to confirm it is the rotenone-sensitive complex
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I activity. The enzyme activity was expressed as nmol DCIP reduced per min/mg protein.
The substrate DCIP, which is a water-soluble final electron acceptor, is specific for complex
I since DCIP receives electrons only from complex I, and not from other non-mitochondrial
NADH dehydrogenases. BSA is a necessary component in the assay mixture since it acts as
a solubilization agent for rotenone and decylubiquinone.
Immunocapture of Complex I and complex II
In order to detect the glutathionylation of complex I or II, a commercial immunocapture kit
was used to pull down target proteins according to the manufacturer’s instructions. The
recommended starting amount was 5 mg mitochondrial protein. Such large quantity of
protein is extremely difficult to obtain from primary lens epithelial cells, and thus liver
mitochondrial proteins were used for this study. Hepatic mitochondrial proteins from a Grx2
KO mouse were pre-incubated with 20 μM recombinant mouse Grx2 proteins and 5 mM
GSH for 10 min. After that, mitochondrial proteins from WT or Grx2 KO mice were
stimulated with or without 1 mM H2O2 for 30 min, followed by washing twice with cold
mitochondria isolation buffer. The immunocapture kit for complex I or II was then added to
the samples, and immunocaptured products were separated under non-reducing conditions
by SDS-PAGE and probed with a specific anti-PSSG antibody.
Detecting Glutathionylated Complex I by Biotinylated GSH ethylester (BioGEE)
Biotinylated GSH ethylester (BioGEE) was made by incubating 25 mM of GEE (Sigma, St
Louis, MO, USA) with 25 mM sulfo-NHS-biotin (Thermo fisher scientific, Fair Lawn, NJ,
USA) in 50 mM NaHCO3 (pH 8.5) at room temperature for 1 hr following the previously
published method [20]. The biotinylating reaction was terminated by adding 1.25 mM
NH4HCO3 (pH 8.5) followed by a 1 hr incubation at room temperature to quench the un-
used biotinylation reagents. LECs (80% confluent) either from WT or Grx2 KO mice were
cultured overnight in DMEM with 2% FBS followed by incubating in serum-free medium
for 30 min before exposing to 250 μM BioGEE for 1 hr. The cells were then treated with or
without 100 μM H2O2 for 6 hrs, and washed with cold PBS containing 50 mM N-
ethylmalemide (NEM) to scavenge remaining BioGEE. The mitochondrial fraction of
BioGEE-treated cells was purified by using mitochondria isolation buffer containing 0.2 M
sucrose, 10 mM MOPS, 10 mM EGTA, 10 mM Tris-HCl (pH 7.4) and 50 mM
iodoacetamide (IAM). Equal amounts of mitochondrial protein was treated with 1% lauryl
maltoside for 30 mins followed by centrifugation at 16,000 g for 30 mins to pre-clear the
sample. The supernatant was collected and proteins covalently bound to biotin were
captured by binding to streptavidin-agrose beads (Thermo fisher scientific, Fair Lawn, NJ,
USA) at 4°C for 1 hr, and the beads were washed 3 times with 1 ml washing buffer (20 mM
Tris-HCl pH 7.5, 137 mM NaCl, 2 mM EDTA and 10% glycerol). Glutathionylated
mitochondrial proteins in the BioGEE-treated samples were released from the beads by
incubating with 50 μl of non-denaturing lysis buffer (20 mM Tris-HCl, pH 8, 137 mM NaCl,
10% glycerol, 1% Triton X-100, 2 mM EDTA and 10 mM DTT) for 15 mins with gentle
shaking at 4°C. Samples released from streptavidin-Agrose beads were separated by SDS-
PAGE and the glutathionylated 75-kDa subunit of complex I was detected by
immunoblotting with polyclonal anti- NDUFS1 (75-kDa subunit of complex I) antibody
(Santa Cruz, CA, USA).
Statistics
Each experiment was performed at least three times and statistical analyses were performed
using one-way ANOVA followed by Tukey’s test as a post hoc test with the SPSS software.
The number of experimental samples used in each group was presented in the figure
legends. All data were expressed as means ± S.D. and differences were considered
significant at P < 0.05.
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RESULTS
Characterization of wild type (WT) and Grx2 knockout (Grx2 KO) primary mouse lens
epithelial cells (LECs)
Primary cultures of WT and Grx2 KO lens epithelial cells were used to study the
physiological role of Grx2. The cells were confirmed to be lens specific by the presence of
αA-crystallin protein (Fig. 1A). Immunoblotting also showed that Grx2 was expressed in the
mitochondrial fraction of WT but absent in that of the KO cells (Fig. 1B). Cytosolic
glutaredoxin (Grx1 or thioltransferase) and thioredoxin (Trx) expressions were equally
detectable in both types of cells (Figs. 1C, 1D), indicating that this KO model is specifically
targeted to Grx2 and does not affect expression of other thioldisulfide oxidoreductases. Grx2
activity was also examined in both cell types. As shown in Figure 1E, Grx2 enzyme activity
in the mitochondrial fraction from WT cells was 6.4±0.4 mM/mg protein while no activity
could be detected in Grx2 KO cells.
Effect of Grx2 deletion on H2O2-induced LEC injury
To test if deletion of Grx2 increases LEC sensitivity toward oxidative stress, we treated the
cells with a bolus of H2O2 and cell morphology was observed under phase-contrast
microscopy. Based on our preliminary studies with various doses of H2O2 (50 μM to 500
μM) for the treatment, we observed that 100 μM H2O2 for 6 hrs provided the best results
(data not shown) and thus this concentration was used to induce LEC injury. As shown in
Fig. 2A, WT and Grx2 KO cells showed no obvious differences when cultured under normal
culture conditions. Both types of cells displayed typical morphological characteristics of
epithelial cells, including tight packing and cuboidal shape. Following exposure to 100 μM
H2O2 for 6 hrs, Grx2 KO cells showed a marked decrease in number with shrinkage in size
and loss of adhesion as compared with H2O2-treated WT cells, indicating that Grx2
depletion in LECs results in more severe damage from oxidative stress.
To further evaluate the functional effect of Grx2 deletion on oxidatively stressed LECs, cell
viability was determined by WST-8 assay. As shown in Fig. 2B, the cell viability initially
showed no difference between the WT and Grx2 KO cells, but 100 μM H2O2 treatment (0,
1, 2, 3, 4, 5 and 6 hrs) caused a more extensive viability loss in KO cells than that of the WT
cells. At the end of a 6-hr H2O2 treatment, 50.3±9.8% of WT cells survived but only
30.4±7.0% of KO cells was viable.
H2O2-induced cell damage due to Grx2 gene deletion was also examined by quantifying
leakage of lactate dehydrogenase (LDH) to assess the integrity of cell membrane. As shown
in Figure 2C, upon H2O2 stress, both cell types showed a time-dependent LDH leakage,
which was more severe in the KO cells than that of the WT control cells.
Malfunction of mitochondria is known to lead to cell apoptosis [21]. Oxidative stress can
induce apoptosis via caspase 3/7 activation [22]. To examine if Grx2 deletion can accelerate
this apoptotic pathway, we examined the WT and KO cells with and without H2O2
treatment. As shown in Figure 2D, untreated WT and Grx2 KO cells both have no
caspase3/7 activation; however, when the cells were treated with an increment dosage of
H2O2 (50, 100 and 150 μM) for 6 hrs, both cell types showed a dose-dependent activation of
caspase 3/7, which was higher in Grx2 KO cells than WT cells. These data further indicate
that Grx2 deletion can lead to increased apoptosis in stressed LECs.
Effect of Grx2 depletion on H2O2 detoxification in mLECs
Since Grx2 is known to possess peroxidase activity [13], we examined the rate of
detoxification of H2O2 in Grx2 KO and WT LECs. To ensure that the dose of H2O2 would
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not cause a fluorescence overload, we chose a moderate concentration of 50 μM for this
study. As shown in Figure 3, the intensity of the basal DCF fluorescence (a marker for
intracellular ROS) is equally low in both WT and Grx2 KO cells at zero time. Upon H2O2
treatment, fluorescence gradually increased in both, but a much higher elevation was seen
for the Grx2 KO cells during the course of 6 min of study. These data indicate that Grx2
deletion decreased the LECs’ ability to detoxify H2O2.
Effect of Grx2 deletion on the levels of free GSH and bound GSH (PSSG) in LECs under
oxidative stress conditions
Since GSH is an important antioxidant in the lens [4] and also a cofactor for Grx2 dethiolase
activity [5], we examined levels of free and protein-bound GSH in LECs before and after
H2O2 treatment. Free GSH levels were similar in both WT and KO cells (15.3±1.2 nmol/mg
protein WT, 14.8±0.8 nmol/mg protein KO) under stress-free conditions (Fig. 4A).
However, when cells were treated with H2O2 (100 M for 6 hrs), the GSH concentration of
Grx2 KO cells was depleted nearly 80% to 3.2±0.7 nmol/mg protein while the WT cells
were able to maintain half of GSH at a level of 7.5±1.7 nmol/mg protein.
Next we examine the effect of H2O2 stress on protein glutathionylation in LEC cells. As the
protein glutathionylation process is relatively fast, we chose to treat the cells with a higher
concentration of H2O2 (1 mM) for 30 min to compare the oxidation-induced PSSG
formation in WT and KO lens epithelial cells in the following studies. PSSG content was
measured in cell lysates by immunoblotting with anti-PSSG antibody. As shown in Figure
4B, untreated WT and KO LECs showed no difference in the basal levels of PSSG;
however, cells treated with H2O2 (1 mM, 30 min) displayed an enhanced PSSG formation,
especially in the KO cells, indicating that Grx2 gene knockout can also affect non-
mitochondrial proteins.
Because Grx2 is located in the mitochondria, we also examined PSSG formation in the
mitochondrial fraction of both cell types. As shown in Figure 4C, levels of PSSG in WT and
KO cells were equally low under un-stressed conditions; however, H2O2 stress (1 mM, 30
min) raised PSSG levels extensively in Grx2 KO cells over that of WT. These data strongly
suggest that some of the target proteins of Grx2 are located in the mitochondria.
Next, we used recombinant protein of Grx2 (rGrx2) or a double mutation of Grx2 at its
active site (mutant) to examine if oxidation-induced PSSG elevation in the mitochondrial
fraction of LECs can be corrected. The recombinant proteins were delivered using a
BioPorter system (Gene Therapy Systems, San Diego, CA), following the previous
procedure [23]. Figure 4D clearly shows that imported rGrx2, but not its imported mutant,
can substantially reduce PSSG levels in the mitochondria of stressed LECs, indicating the
specificity of this dethiolating function of Grx2. The successful delivery of rGrx2 or mutant
Grx2 into the mitochondrial fraction was confirmed by observing the presence of His-Tag
on the recombinant proteins, which was positively reacted to Hig-Tag antibody (Fig. 4D).
The respective cytosolic and mitochondrial proteins, GAPDH and VDAC, were used for
Western blotting to ensure loading of equal amounts of protein (Fig. 4).
Effect of Grx2 deletion on ATP level and complex I activity in LECs
The major function of mitochondria is to carry out molecular oxygen reduction coupled with
ATP production through the electron transport system (ETS). Therefore, ATP production is
a very important index of mitochondrial function. To test whether Grx2 deletion affects
mitochondrial energy homeostasis in LECs, we compared ATP levels in WT and Grx2 KO
cells before and after H2O2 challenge (100 μM, 6 hrs). The results in Figure 5A indicates
that there was no significant difference in the basal ATP levels of the two types of
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unstressed cells, but H2O2 treatment suppressed 60% of ATP production in the WT cells
(from 35.4±4.7 μg/mg protein to 14.2±3.3 μg/mg protein), and over 80% in the KO cells
(from 29.2±5.9 μg/mg protein to 6.7±2.7 μg/mg protein).
Since complex I is the main entry point of ETS, we next examined whether the ATP loss
was associated with loss in complex I activity, and whether Grx2 deletion causes a
differential complex I inactivation in WT and Grx2 KO cells. As shown in Figure 5B, basal
complex I activity is similar in WT and Grx2 KO LECs (180.0±14.2 mU/mg protein verses
174.2±19.8 mU/mg protein). After H2O2 treatment, complex I activity lost 40% in WT cells
(102.1±14.2 mU/mg protein), and more than 60% in Grx2 KO cells (66.4±8.7 mU/mg
protein).
Grx2 deletion enhances accumulation of glutathionylated complex I in mouse LECs and
liver mitochondria under oxidative stress
We speculate that the oxidation-induced complex I inactivation shown above may associated
with glutathionylation (or PSSG formation) at active sites of one or more of its key subunits
that are sensitive to oxidation. Therefore, we examined the status of complex I
glutathionylation in KO and WT mouse mitochondrial models before and after oxidation
(100 μM H2O2 for 6 hrs). PSSG in complex I was examined using two methods. One was an
in vitro study with isolated mitochondria in which the complex I protein complex was
isolated by immunocapture pull-down (Mitosciences, Eugene, OR, USA), followed by
immunoblotting with anti-PSSG antibody. Since the pull-down experiment requires a large
quantity of mitochondria, we used liver mitochondria for this study. The other method was
an in vivo amplification of oxidation-induced PSSG formation in Grx2 KO and WT LECs
by delivering GSH through biotinated glutathione ethyl ester (BioGEE). Figure 5C shows
that under un-stressed conditions, complex I glutathionylation is equally low in both liver
mitochondrial preparations (WT and Grx2 KO), however, after oxidative stress, the level of
PSSG in complex I is much higher in the liver sample from Grx2 KO mice than that of the
WT mice. Our data also showed in Figure 5C that although the complex I subunit at 75-kDa
does not have detectable PSSG in both liver samples under non-stressed conditions, a heavy
band appeared at the 75-kDa position (see arrow) in both groups after H2O2 stimulation, and
the intensity was much higher in the Grx2 KO sample. The PSSG in Grx2 KO could be
eliminated when the mitochondrial protein fraction was pretreated with recombinant Grx2
(right column in Fig. 5C). This result suggests that the observed elevated glutathionylation at
75-kDa was a direct result of Grx2 deletion.
To ensure that oxidation-induced glutathionylation in mouse liver mitochondria occurred
specifically in complex I, we used complex II pull-down for comparison. As shown in
Figure 5D, complex II glutathionylation was seen but was not affected by oxidative stress,
and the absence of Grx2 did not increase the level of PSSG in the complex II-associated
proteins.
To confirm that oxidation-induced PSSG formation in complex I also occurs in the LECs,
we used a BioGEE approach. Biotin-conjugated GSH ester can be delivered easily into WT
or Grx2 KO LECs and subsequently hydrolyzed into biotinylated GSH intracellularly. An
oxidation-induced biotinylated PSSG complex can be pulled down by streptavidin-agrose
beads for immunoblot analysis by NDUFS1, a specific antibody for the 75-kDa protein. As
shown in Figure 5E, no obvious glutathionylation in the 75-kDa of complex I could be seen
under normal culture conditions. However, after exposing to H2O2 (1 mM, 30 min), KO
cells showed much more elevated PSSG in the subunit of complex 1 than WT cells.
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DISCUSSION
This study with cultured primary lens epithelial cells demonstrated that Grx2 is critical for
cell survival when the cells are subjected to oxidative stress. This conclusion is based on the
findings that although LECs from Grx2 KO mice showed comparable morphological and
biochemical properties as that of the WT cells under unstressed conditions, cells with Grx2
deletion had difficulty coping with oxidative stress (H2O2). The stressed KO cells displayed
weakened viability with signs of apoptosis and disrupted mitochondrial function, such as
lowered mitochondrial ATP and GSH pools, enhanced complex I inactivation and apoptotic
caspase 3/7 activation. Furthermore, Grx2 absence also impaired the cells’ ability to
detoxify H2O2, resulting in a marked increase in the level of glutathionylated proteins in
mitochondria. These deviations from WT cells are likely a direct result of a lack of both the
dethiolase and peroxidase functions of Grx2, since importing recombinant Grx2 into Grx2
KO cells rescued and corrected many of the above abnormalities. The current findings are in
agreement with our earlier report, in which Grx2 over-expression in a human lens epithelial
B3 cell line protected the cells against H2O2-induced apoptosis, while suppression of Grx2
expression with siRNA showed an opposite effect [23].
It is interesting to note that although Grx 2 is an isozyme of Grx1, the phenotypic change
associated with Grx 2 deletion was relatively minor in comparison with lens primary
epithelial cell cultures isolated from Grx1 knockout mice. Under unstressed conditions, and
compared to cells from WT mice with a same background, cells with Grx2 deletion were
essentially the same. Cells with Grx1 deletion on the other hand showed a phenotype in both
morphological and biochemical alterations; the cells were slower in growth, showed a
resistance to spread and contained less free GSH but more protein-bound GSH [24].
However, both mutant cells showed an elevated sensitivity to oxidative stress. This
discrepancy between the two Grxs may be explained by the fact that Grx1 has many cellular
functions, including regulation of NF-kB, actin polymerization and apoptosis. Thus, deletion
of Grx1 would affect cellular physiology on many fronts. On the other hand, Grx2
phenotypical change observed only under oxidative stress The reason for this difference is
unclear, but likely associated with the unique property of Grx2, which in a normal, reduced
environment, it forms an inactive dimeric complex with a [Fe-S] cluster while the oxidation-
sensitive Fe-S cluster would dissociate Grx2 from the complex and convert it into an active
monomer to exert protective function [25].
What causes cells to be sensitive to oxidative stress is an intriguing question. Many proteins/
enzymes lose activities or biological functions when critical cysteine moieties on the
structure are reversibly oxidized, resulting in the formation of protein-thiol mixed disulfides,
for example, protein glutathionylation (PSSG), thus affecting cellular functions in general.
The dethiolation properties of Grx1 and Grx2 are clearly essential for the rescue of such
cellular injury. In a previous report, we showed that importing recombinant Grx1 into LECs
made it possible to rescue H2O2-induced activity loss for the ATP-producing enzyme
glyceraldehyde-3 phosphodehydrogenase (GAPDH), and assisted the mutant cells in
detoxifying H2O2 after a bolus addition of this oxidant [26]. The current study showed that
Grx2 could prevent H2O2-induced cell apoptosis, and that rescuing the activity of H2O2-
inactivivated complex I in the mitochondria with imported Grx2 was an essential event.
Furthermore, only nascent Grx2 protein, and not C70S or C73S mutant protein, was
effective [23].
Based on the current results, it is likely that glutathionylation and inactivation of complex I
or other key enzymes in the mitochondria may play a major role regarding the pathological
state of the cells. Impaired complex I can trigger ROS generation, which can cause further
damage to mitochondrial structure, affecting its function and triggering activation of the
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apoptotic pathway, resulting in apoptosis. Our data clearly showed that oxidation induced
more PSSG in total proteins as seen by Western blot analysis (Fig. 4B), and results from
immunocaptured glutathionylated-mitochondrial proteins were enhanced in H2O2-treated
cells, particularly in H2O2-treated Grx2 KO cells (Fig. 4C). Therefore, deletion of Grx2
gene appears to affect more than just the mitochondrial proteins. The glutathionylated
protein bands were validated by their removal with nascent Grx2 protein, but not with Grx2
mutant protein (Figure 4C, D). It is worth noting that the pattern of PSSG bands in the
mitochondrial fraction of H2O2-treated KO cells in Figure 4C (far right lane) and in Figure
4D (far left lane) showed differential intensity, likely due to the difference in the quality of
isolated mitochondria in separate preparation. Regardless, this difference does not diminish
the impact of Grx2 gene deletion in elevated glutathionylated proteins found in the
mitochondria.
We further demonstrated in this study that H2O2 not only induced complex I activity loss,
but also enhanced glutathionylation at the 75-kDa subunit, the key unit of complex I (arrow
in Fig. 5C, and Fig. 5E). This strongly indicates that glutathionylation of complex I in Grx2
KO cells is due to the cells’ inability to dethiolate the conjugates and restore complex I to its
reduced state. It is certainly possible that other mitochondrial enzymes/proteins, besides
complex I, may be affected by this process in the same way, and collectively contribute to
cellular injury. Indeed, other glutathionylated protein bands can be seen in Figure 4C and
Figure 5C. Work is underway to characterize these modified target proteins.
Glutathionylation of complex I subunits 75-kDa and 51 kDa is known to occur. As reported
by Murphy and associates [27] oxidized glutathione (GSSG)-induced glutathionylation in
isolated complex I and led to extensive loss in activity, while recombinant Grx2 could
restore this activity loss. Chen et al. [28] also demonstrated the same type of result. Our
results for the glutathionylated 75-kDa protein in complex I, using both an immunocapturing
technique and a biotin-GEE approach, certainly agree with their findings.
It is also worth noting that Grx2 function appears to be specific for complex I since an
enhanced glutathionylated band for complex I showed a differential effect for Grx2 deletion.
However, the same analysis used for complex II showed that the glutathionylation level of
complex II was not changed under oxidative stress conditions, and there was no obvious
difference in glutathionylation level between Grx2 knockout and WT cells (Fig. 5D). This
result is consistent with our previous data in which Grx2 was found to bind with complex I,
but not with complex II [23]. Thus, our current findings strongly suggest that Grx2 can
modulate the mitochondrial complex I by reversible glutathionylation.
In summary, we have provided strong evidence that Grx2 is critical for protecting LECs
against oxidative damage. The potential protective effect of Grx2 is associated with its
ability to prevent complex I glutathionylation induced by oxidative stress, and thus regulate
energy homeostasis and maintain normal mitochondrial biological function. Similar
protective properties of Grx2 may also be true in cells other than the lens epithelial cells.
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Highlights
The cellular function of glutaredoxin 2 (Grx2) was studied using primary lens epithelial
cell culture from Grx2 knockout mouse. In comparison with the wild type cells, Grx2
knockout results in no obvious phenotype under non-stressed condition. With H2O2
treatment, Grx2 knockout cells show a lower tolerance to oxidative stress. Grx2 deletion
induces more glutathionylation in mitochondrial proteins and less ATP production.
Imported Grx2 prevents complex I inactivation and preserves mitochondrial function.
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Fig. 1. Characterization of wild type (WT) and Grx2 knockout Grx2 KO) primary mouse lens
epithelial cells (LEC)s
Primary mouse LECs were isolated from WT and Grx2 KO lens epithelial layers. (A)
Expression of αA-crystallin in wild type and Grx2 knockout LECs. Whole cell lysates (40
μg) were obtained from wild type or Grx2 knockout mouse LECs and analyzed by
immunoblot by using anti-αA- crystallin antibody. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as a loading control. (B) Detection of Grx2 in WT and
Grx2 KO mouse LECs. 40 μg of mitochondrial isolated from WT and Grx2 KO cells were
analyzed by Western blot with anti-Grx2 antibody. Voltage-dependent anion channels
(VDAC) was used as both a mitochondrial marker and loading control. (C) Expression of
glutaredoxin 1 (Grx1) in WT and Grx2 KO LECs. 40 μg of whole cell lysates obtained from
WT or Grx2 KO cells were analyzed by immunoblot by using anti-glutaredoxin antibody.
GAPDH was used as a loading control. (D) Expression of thioredoxin (Trx) in WT or Grx2
KO LECs. 40 μg of whole cell lysates obtained from wild type or Grx2 knockout cells were
analyzed by immunoblot by using anti-thioredoxin antibody. GAPDH was used as a loading
control. (E) Grx2 activity in wild type and Grx2 knockout LECs. Mitochondrial fraction
isolated from WT or Grx2 KO cells were used to detect Grx2 activity as described under
“Materials and methods”. Error bars indicate S.D., n=3, *P<0.05 vs. WT.
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Fig. 2. Effect of H2O2 in wild type (WT) and Grx2 knockout (Grx2 KO) lens epithelial cells
(A) Comparison of the cell density and morphology after H2O2 treatment. WT and Grx2
Grx2 KO primary mouse LECs were treated with or without 100 μM H2O2 for 6 hrs. After
treatment, cell morphology was observed under phase contrast microscopy. (B) Effect of
H2O2 on cell viability in WT and Grx2 KO cells. WT and Grx2 KO primary mouse LECs
were plated in 96-well plate (all normalized to 10,000 cells/well) and treated with or without
100 μM H2O2 at for indicated times. Cell viability in each time point was measured by
adding WST-8 reagent and then the transmission was evaluated under 450 nm using a 96-
well microplate reader. Error bars indicate S.D., n=3, *P<0.05 vs. WT treated with H2O2.
(C) Effect of H2O2 on LDH release in WT and Grx2 KO cells. Wild type and Grx2
knockout primary mouse LECs were treated with or without 100 μM H2O2 at different time
point from 0 to 6 hours. LDH activity was measured as described as under “Materials and
methods”. Error bars indicate S.D., n=3, *P<0.05 vs. WT treated with H2O2. (D) Effect of
H2O2 on caspase 3/7 activation in WT and Grx2 KO cells. Wild type and Grx2 knockout
primary mouse LECs were plated in 96-well plate (all normalized to 10,000 cells/well) and
treated with 0, 50, 100 and 150 μM H2O2, respectively for 6 hrs. Caspase 3/7 activity was
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measured by using luminogenic substrate containing the DEVD sequence. Error bars
indicate S.D., n=3, *P<0.05 vs. WT treated with H2O2.
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Figure 3. H2O2 detoxification in wild type and Grx2 knockout lens epithelail cells
Wild type (WT) and Grx2 knockout (Grx2 KO) primary mouse LECs were plated in 96-well
plate (all normalized to 10,000 cells/well) and treated with PBS containing 50 μM DCFH-
DA. After a baseline was acquired, 50 μM H2O2 was added to the cells and DCF
fluorescence levels were determined at given time points. Error bars indicate S.D., n=6,
*P<0.05 vs. WT.
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Figure 4. Free GSH and glutathionylated proteins (PSSG) in wild type (WT) and Grx2 knockout
(KO) lens epithelial cells after H2O2 treatment
(A) GSH level in WT and Grx2 KO lens epithelial cells (LECs). WT and Grx2 KO primary
mouse LECs were treated with or without 100 μM H2O2 for 6 hrs. Cells were lysed in lysis
buffer and GSH concentrations in cell lysates were determined using Ellman reagent
described under “Material and methods”. Error bars indicate S.D., n=6, *P<0.05 vs. WT
treated with H2O2. (B) PSSG levels in whole cell lysates in WT and Grx2 KO LECs. Wild
type and Grx2 knockout were treated with or without 1 mM H2O2 for 30 min. Then the cells
were lysed in lysis buffer and the total cell lysates were immunoblotted with anti-GSH
(PSSG) antibody under non-reducing conditions. GAPDH was used as a loading control.
The right panel depicts the relative pixel density of all the PSSG bands (see arrows) over
GAPDH (with the untreated WT normalized to 1.0). Data presented are a typical
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representation of triplicate experiments. *P<0.05, vs. WT LECs. #P<0.05, vs WT LECs
treated with 1 mM H2O2 for 30 min. (C) PSSG levels in mitochondrial fraction of WT and
Grx2 KO cells. Cells in (B) were used for mitochondrial isolation and the mitochondrial
extracts were used for Western blot (WB) detection for PSSG. Mitochondrial protein VDAC
was used as a loading control. The bottom panel depicts the relative pixel density of all the
PSSG bands (see arrows) over VDAC (with the untreated WT normalized to 1.0). Data
presented are a typical representation of triplicate experiments. *P<0.05, vs. WT
LECs. #P<0.05, vs WT LECs treated with 1 mM H2O2 for 30 min. (D) Deglutathionylation
of mitochondrial PSSG with imported Grx2. Grx2 KO cells were imported with 20 μM
purified wild type Grx2 recombinant protein (rGrx2), Grx2-C70S/C73S double mutated
protein (Mutant). After 4 hours of incubation, the cells were treated with 1 mM H2O2 for 30
min. After treatment, the mitochondrial fraction of each group was analyzed for PSSG. His-
Tag immunoblotting was done to verify the delivery of recombinant Grx2 protein. The
bottom panel depicts the relative pixel density of all the PSSG bands (see arrows) over
VDAC (with the KO LECs without import normalized to 1.0). Data presented are a typical
representation of triplicate experiments. *P<0.05, vs. KO LECs treated with 1 mM H2O2 for
30 min.
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Figure 5. Protective effect of Grx2 against complex I dysfunction induced by H2O2
(A) ATP level in wild type and Grx2 knockout LECs. Wild type (WT) and Grx2 knockout
(Grx2 KO) primary mouse LECs were treated with or without 100 μM H2O2 for 6 hrs. ATP
level in each group was determined using ATP assay kit. The data are expressed as mean
±S.D., n=6, *P<0.05 vs. WT treated with H2O2. (B) Complex I activity in wild type and
Grx2 knockout LECs. The mitochondrial lysate from (A) was used to detect complex I
activity. The data are expressed as mean±S.D., n=6, *P<0.05 vs. WT treated with H2O2. (C)
Glutathionylation and de-glutathionylation of complex I in wild type and Grx2 knockout
mouse. Liver mitochondrial lysates (5 mg) isolated from WT or Grx2 KO mouse were
incubated with or without 20 μM purified mouse Grx2 recombinant protein (rGrx2) and 5
mM GSH for 10 min. Then, mitochondrial lysates were treated with or without 1 mM H2O2
for 30 min. After treatment, mitochondrial lysates were washed twice with cold
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mitochondria isolation buffer. Agarose beads irreversibly cross-linked to complex I
monoclonal antibodies were added. Immunocaptured complex I in each group was used for
Western blot (WB) detection of PSSG. A specific antibody to 30 kDa subunit of complex I
(NDUFS3) was used as a loading control. The position of 75 kDa subunit of complex 1 is
indicated by an arrow. (D) Glutathionylation of complex II in wild type and Grx2 knockout
mouse. Mitochondrial lysates were treated with or without 1 mM H2O2 for 30 min and
complex II was pulled down by using complex II antibody. Immunocaptured complex II
from each group was used for Western blot (WB) detection of PSSG. HDSB was used as a
loading control. IP: mmunoprecipitation; MW: molecular weight (E) Wild type (WT) and
Grx2 knockout (KO) primary mouse LECs were preloaded with Biogee for 1 hour. Then the
cells were treated with or without 100 μM H2O2 for another 6 hrs. Streptavidin extracts from
the mitochondrial proteins were resolved by SDS-PAGE and hybridized with NDUFS1, a
specific antibody against 75 kDa subunit (upper panel). NDUFS1 protein level was detected
in the mitochondria fraction (middile panel). VDAC was used as a loading control (lower
panel). The bar graph with average pixel density for each western blot is shown. IB:
Immunoblotting.
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